Background: Carotid intraplaque hemorrhage (IPH) seen on vessel wall MRI is associated with an increased risk of stroke or transient ischemic attack, as are microembolic signals (MES) detected by transcranial Doppler (TCD). We sought to examine the association between IPH and MES in acute stroke patients with symptomatic carotid atherosclerosis. Methods: Through a retrospective chart review, we included patients from 2011 to 2013 with acute ischemic stroke due to carotid atherosclerosis of varying stenosis who had both 3D volumetric MRI of the neck and TCD emboli monitoring. Results: Twenty-four patients met the inclusion criteria. Mean time from stroke to MRI was 1.4 AE 1.9 days and to TCD was 2.6 AE 2.4 days. MES was seen in 10 patients (42%) and IPH was present in seven patients (29%), but we did not find a relationship between MES and IPH (p ¼ 0.64). Conclusion: In patients with recent acute ischemic stroke attributed to carotid atherosclerosis, we did not detect an association between the presence of IPH and MES. While this small study may be underpowered, an alternate explanation is that MES and IPH reflect vulnerable carotid atherosclerosis through different mechanisms. This untested concept warrants prospective study in a larger cohort.
Introduction
Advances in high-resolution vessel wall magnetic resonance imaging (MRI) have allowed for visualization and characterization of atherosclerotic plaque morphology, permitting the identification of the underlying pathophysiology leading to large vessel ischemic stroke and accounting for stroke risk in addition to stenosis. 1, 2 Several MRI features of carotid atherosclerosis correlate with risk of recurrent stroke independent of stenosis, most important intraplaque hemorrhage (IPH), which is consistently associated with stroke and had a hazard ratio of 4.6 for recurrent stroke in a recent metaanalysis. [1] [2] [3] Another imaging modality that can identify vulnerable atherosclerotic plaque is transcranial Doppler (TCD) emboli monitoring, which detects thromboemboli via microembolic signals (MES). 4, 5 The presence of MES predicts recurrent stroke or transient ischemic attack in symptomatic carotid atherosclerosis, even with only mild stenosis. 6 Given that both MES on TCD and IPH on MRI identify highrisk atherosclerosis and are predictive of stroke, we hypothesized they would correlate with each other.
In support of this hypothesis, a study by Altaf et al. found a significant association between IPH and MES in patients with recently symptomatic carotid stenosis. 7 In addition, Altaf's group found that combining IPH with MES provides the best prediction model for recurrent stroke, suggesting both provide some degree of non-overlapping information on thromboembolic potential. 8 On the other hand, the Plaque At Risk (PARISK) study reported that, in patients with recently symptomatic mild to moderate carotid stenosis, there was no association between MES and IPH. 9 While carotid plaque findings evolve slowly (both stenosis and even IPH can be present from months to years), MES are dynamic and decrease in number with time from the initial stroke. 6 In the PARISK study, the mean time from stroke to the TCD was 52 days, as compared to 19 days in the Altaf study. 7, 9 We sought to examine the association between IPH and MES in a cohort of acute stroke patients with TCD and MRI performed in closer temporal proximity to the index stroke.
Methods
With local institutional review board approval, we retrospectively reviewed the medical records of patients admitted to a large urban hospital from 2011 to 2013 with a discharge diagnosis of acute ischemic stroke due to carotid atherosclerosis. We specifically included only patients with both carotid MRI detection of IPH and TCD emboli detection ipsilateral to the infarct to detect MES and recent cerebral infarction in the vascular territory of the carotid artery of interest. This determination was based on the neuroradiologist's original interpretation of the MRI brain and neck, as well as the proposed stroke etiology of large-artery atherosclerosis in the vascular neurologist's documentation.
TCD methods
All TCDs were performed with a commercially available device (SONARA; Natus Medical Incorporated, Pleasanton, CA) using a 2-MHz probe held in position with a headset. Recordings were made of the middle cerebral artery (MCA) ipsilateral to the carotid stenosis with a total recording time of 20-30 minutes. MES were identified using previously described criteria consisting of characteristic visual appearance in the spectral waveform, distinctive sound, and automated correlation between Doppler signals ( Figure 1 ). 10 
Magnetic resonance angiography (MRA) methods
Patients were scanned on a 3T Siemens Trio MR scanner (Siemens Healthcare, Ehrlangen, Germany) using the standard clinical neck coil. In addition to MRA, patients had a three-dimensional (3D) magnetization prepared rapid gradient echo (MPRAGE) with fat saturation. Image parameters for the MPRAGE were as follows: repetition time (TR)/echo time (TE)/inversion time (TI) ¼ 1110/4.3/700 ms, flip angle ¼ 15 degrees, field of view ¼ 320 Â 260 Â 60 mm 3 Percent diameter stenosis was determined using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria on the MRA, using the formula [(aÀb)/a] Â 100% where (b) is the diameter of maximal stenosis and (a) is the diameter of the internal carotid artery (ICA) distal to the stenosis. 11 IPH was defined as MPRAGE-positive plaque, with !1 voxel with !1.5-fold higher signal intensity relative to adjacent sternocleidomastoid muscle.
Statistical methods
Stata 14.0 software was used for all statistical analysis. Statistical significance was defined as p < 0.05. Patients were dichotomized into groups based on two variables-presence or absence of MES and IPH. To test the association between MES and IPH, Fisher's exact test was used. The Mann-Whitney U test was used to test for intergroup differences in the ordered variable of stenosis (<50%, 50%-69%, >70%).
Results
A total of 137 patients had acute ischemic stroke in the anterior circulation ipsilateral to a carotid atherosclerotic lesion believed to be causative of the stroke, of which 24 met all inclusion criteria. Fourteen of 24 patients (58%) were male and mean age was 61.2 AE 14.5 years. Mean time from stroke to MRI was 1.4 AE 1.9 days and to TCD was 2.6 AE 2.4 days. Ten of 24 patients (44%) had MES on TCD and seven of 24 patients (29%) had IPH on MRI (Figure 1 ). There was no association between patient gender or age and the presence of IPH or MES. Three patients (12%) had carotid stenosis measuring 70%-99% and six of 24 (25%) had 50%-69% stenosis, while the remainder had visible atherosclerosis measuring <50% (15/24). A nonsignificant trend was observed between higher degrees of stenosis and IPH (p ¼ 0.06), but there was no apparent association between degree of stenosis and MES (p ¼ 0.68). There was not a statistically significant association between MES and IPH (p ¼ 0.64) ( Table 1) , and the relative percentages of MES were almost identical for patients with or without IPH.
Discussion
Although our data do not support an association between the presence of IPH and MES in patients with recent ischemic stroke attributed to carotid atherosclerosis, our main limitation is a small sample size that may be underpowered to detect this association. However, there was no trend toward an association. Other limitations include a shorter period of TCD emboli monitoring in our study (20-30 minutes versus one hour in Altaf's study and four hours in PARISK), which could reduce sensitivity, and the reliance on MRA to determine IPH, which could have falsenegative findings compared to the gold standard of histopathologic diagnosis of IPH. Our study has the advantage of a shorter duration between stroke onset and the acquisition of MRI and TCD than prior studies. Compared to the two extant studies on the topic, our cohort's mean time from stroke onset to TCD was 2.6 days versus 52 days in PARISK and 19 days in Altaf's study. 7, 9 The prevalence of IPH in our cohort was 29%, compared to 42% in PARISK and 63% in Altaf's study. One explanation for the lower prevalence in our study is that our patients had predominantly mild to moderate carotid stenosis, while Altaf et al. excluded patients with <60% stenosis. There is a clear association between stenosis severity and prevalence of IPH. 1 This was also seen in the cohort, but narrowly missed statistical significance (p¼ 0.06).
Forty-two percent of our patients had MES on TCD emboli monitoring, which exceeded the 8% of patients in PARISK, but was almost identical to Altaf's study. The low occurrence of MES in PARISK was presumably the result of the TCDs being performed almost two months from stroke onset, when the endothelium is less ''vulnerable.'' 6 One might expect our patients to have an even higher rate of MES than Altaf's study, since our TCDs were performed in the immediate poststroke period, but our monitoring time was half that of Altaf's study, which decreases sensitivity. 6 Our results are consistent with the lack of association between IPH and MES seen in the PARISK study, and do not support the positive association found in Altaf's study. Nonetheless, a larger study is needed to definitively show a lack of an association between MES and IPH.
Conclusion
In this cohort of patients with recently symptomatic carotid atherosclerosis, we did not find an association between MES and IPH. While this study may be underpowered to detect this association, given the lack of such an association in the PARISK study, an alternate explanation is that MES and IPH reflect vulnerable carotid atherosclerosis through different mechanisms and patients with symptomatic carotid stenosis and both MES and IPH may have a uniquely high risk of recurrent stroke based on independent mechanisms of atherosclerotic vulnerability. This untested concept warrants prospective study in a larger cohort, particularly in symptomatic patients with mild carotid stenosis and IPH, who will not qualify for surgical or endovascular intervention based on stenosis, but have a yearly risk of recurrent stroke of up to 20% or higher. 1 
